† Background The presence of chloroplast-related DNA sequences in the nuclear genome is generally regarded as a relic of the process by which genes have been transferred from the chloroplast to the nucleus. The remaining chloroplast encoded genes are not identical across the plant kingdom indicating an ongoing transfer of genes from the organelle to the nucleus. † Scope This review focuses on the active processes by which the nuclear genome might be acquiring or removing DNA sequences from the chloroplast genome. Present knowledge of the contribution to the nuclear genome of DNA originating from the chloroplast will be reviewed. In particular, the possible effects of stressful environments on the transfer of genetic material between the chloroplast and nucleus will be considered. The significance of this research and suggestions for the future research directions to identify drivers, such as stress, of the nuclear incorporation of plastid sequences are discussed. † Conclusions The transfer to the nuclear genome of most of the protein-encoding functions for chloroplastlocated proteins facilitates the control of gene expression. The continual transfer of fragments, including complete functional genes, from the chloroplast to the nucleus has been observed. However, the mechanisms by which the loss of functions and physical DNA elimination from the chloroplast genome following the transfer of those functions to the nucleus remains obscure. The frequency of polymorphism across chloroplast-related DNA fragments within a species will indicate the rate at which these DNA fragments are incorporated and removed from the chromosomes.
INTRODUCTION
The generally accepted endosymbiotic theory for the presence of chloroplasts in the eukaryotic cell requires that many of the genes for functions that were originally encoded in the prochloroplast genome have been transferred to the nucleus. Typical chloroplast genomes only contain about 50-200 genes, with a core constituency of about 40 protein-encoding genes (Woodson and Chory, 2008) , mostly for chloroplast proteins and the protein-synthesizing machinery (Martin, 2003 ; Table 1 ), whereas cyanobacterial genomes encode several thousand genes. On the other hand, the estimate from proteomics is that organelles contain up to several thousand different proteins (Andersson et al., 2003; Richly and Leister, 2004) which is within the range of the number of predicted protein-encoding genes in current-day cyanobacteria and proteobacteria. Therefore, since most proteins that are found in chloroplasts are encoded in the nucleus, synthesized in the cytoplasm and then transported into the organelles, at some point, following the transfer and active expression of these genes in the nucleus, they must have been lost from the chloroplast genome.
Furthermore, data from genome sequencing projects have incontrovertibly demonstrated that fragments of the extant chloroplast DNA are present in both the nuclear and chloroplast genomes (Farrelly and Butow, 1983; Scott and Timmis, 1984; Ayliffe and Timmis, 1992 ; Thorsness and Fox, 1990; Sun and Callis, 1993) . This DNA is still being actively transferred from the chloroplast to the nucleus in an ongoing and frequent process (Ayliffe and Timmis, 1992; Huang et al., 2003; Shahmuradov et al., 2003; Stegemann et al., 2003; Matsuo et al., 2005) . This review will consider the current contribution of chloroplast DNA to the nuclear genome, the interplay between the nucleus and chloroplast with respect to the transfer of DNA sequences between the two cellular components, the persistence of these sequences, the possibility of roles played by the nuclear plastidic DNAs (NUPTs) in mutation buffering and the possible influence of stress on the frequency or reasons for these DNA transfer events. The effects of stress on the nuclear genome are the subject of much discussion, both with respect to the effect on methylation (Lukens and Zhan, 2007) and the actual genome itself (Cullis, 2005; Lexer and Fay, 2005; Madlung and Comai, 2004) . The availability of chloroplast genome fragments for transfer to the nucleus might also be optimal during stress episodes since, at this time, there are regulatory signals passing between the nucleus and chloroplast in response to stress.
A summary of many of the interactions between the chloroplast and the nucleus is shown in Fig. 1 . Signals pass in † These two authors contributed equally to the manuscript. * For correspondence. E-mail cac5@case.edu both directions between all the organelles, although only those between the chloroplast and nucleus are shown in detail since the mitochondrion is not being considered here. The nucleus controls the synthesis of most of the proteins in the chloroplast. Those proteins encoded in the chloroplast genome are part of multi-protein complexes which facilitate the control of protein levels in the chloroplast. The chloroplast is responsible for signalling to the nucleus especially with respect to the presence of both reactive oxygen species (ROS) and redox signals which then alter nuclear gene expression. The majority of reactive oxygen intermediates are produced in the peroxisomes and chloroplasts (Pitzscheke et al., 2006) and they activate signalling pathways, such as through the MAPK (mitogenactivated protein kinase) pathway in arabidopsis. It is through these pathways that the nucleus is affected with little evidence that ROS are directly responsible for the responses in the nucleus. As part of this stress signalling, it is possible that chloroplast DNA fragments from damaged chloroplasts enter the nucleus and, at an undetermined rate, become incorporated into the nuclear genome (Martin, 2003) . Gene-regulatory processes under the control of the nucleus are more complex and interrelated than those under the control of organelles (Herrmann, 1997) . The continuous transfer of DNA from the plastid to the nucleus must either have a neutral effect or confer some sort of positive selective advantage, otherwise natural selection would have selected against a phenomena that is undirected. A possible benefit of translocation of genes from the plastids to the nucleus is that genes are moved from the plastid with no recombination and a high redox-load to an environment with recombination and without the associated redox-load of the plastids. This would be beneficial to the genes of the plastids but the continuous addition of more DNA into the nucleus could eventually lead to 'genome obesity' (Bennetzen and Kellogg, 1997) CHLOROPLAST DNA INSERTIONS INTO THE NUCLEAR DNA
The completed arabidopsis and rice genome sequences have facilitated the search for evolutionary evidence of the transfer of genes from the original endosymbiont to the nucleus. Proteins encoded by the arabidopsis nuclear genome that are most similar to proteins encoded by other species' chloroplast genomes (44 plastid genes) have been identified (Arabidopsis Genome Initiative, 2000) . These genes missing from the arabidopsis chloroplast genome are presumed to represent organelle-to-nuclear gene transfers that have occurred sometime after the divergence of the organelle-containing lineages. The completion of the arabidopsis genome sequence also facilitated the identification of possible nuclear sequences originating from the proto-plastids. For example, in arabidopsis there are 806 predicted nuclear-encoded proteins for which the best significant database match are 404 different proteins from the cyanobacterium Synechocystis (Arabidopsis Genome Initiative, 2000). These 806 predicted proteins and many others, up to 1700 (Martin et al., 2002) , of greatly diverse function, which are present in chloroplasts but not encoded by the chloroplast genome, are likely to have been derived from the chloroplast progenitor. Therefore, the evolutionary transfer of genes from the original captured endosymbiont to the plant nucleus and their subsequent expression is well established. There is a similar movement of mitochondrial sequences into the nuclear genome. However, the pattern can be somewhat different between sequences arising from the two organelles. The plant mitochondrial genome is generally much larger than the chloroplast genome, yet there in not the expected relatively larger contribution of mitochondriaderived sequences. Added to this is that the relative contribution across the mitochondrial genome is less representative with some regions being present in high multiplicity and others at very low multiplicity (Vorster, 2008) . Therefore, it would appear that either the transfer to, or elimination from, the nuclear genome of the two organelle genomes follows different paths. It is impossible to derive the origin and the specific sequence of events that resulted in the capture and control of all these chloroplast-localized functional proteins. However, the continual transfer of chloroplast sequences is one window into the process. What is the nature of the DNA sequences present in the nuclear genome that originated from sequences which are still present in the chloroplast genome? From the arabidopsis and rice genome sequences, different patterns of chloroplast DNA fragments in the nuclear genome have emerged. In arabidopsis, only relatively few NUPTs were found with estimates varying from 11 kbp (Arabidopsis Genome Initiative, 2000) to 20 kbp (Shahmuradov et al., 2003) . These fragments were generally ,1 kb in length. This small amount of chloroplast DNA is in contrast to that found in the rice genome where the DNA from the rice chloroplast aligned with a total of between 780 000 and 933 600 bp in the DNA of the nuclear genome (International Rice Genome Sequencing Project, 2005) . In our own bioinformatic analysis of the chloroplast contribution to the rice genome, we found that 778 678 bp of chloroplast DNA were present in fragments greater than 100 bp in the rice genome (Vorster, 2008) . This chloroplast DNA was present in .2000 different fragments, of which only 212 were of length greater than 1000 bp. It is also evident in rice that the chloroplast insertions are not evenly distributed over the chromosomes. Approximately 19 . 4% of the fragments were located on chromosome 1 and 22 . 5% on chromosome 10. In contrast, chromosome 11, which is larger than chromosome 10, only contains 0 . 9% of these chloroplast sequences. This analysis also showed that while most of the chloroplast genome is present to some extent, some components, notably the rRNA subunits, are fully or partially present at a much higher ratio -up to 36 (16S) and 49 (23S) copies in the nuclear genome of rice. The fragments of this linear region in the chloroplast, 23S, 16S, 5S rRNAs and the spacer between the 4 . 5S and 5S chloroplast rRNA genes are not uniformly represented. In Fig. 2 , the positions of all the insertions of these complete or partial fragments across the rice chromosomes are shown. The height of the peak is proportional to the number of copies of the sequence in that region. It is clear that this region has very different representation with spacer being highly underrepresented and the 5S being significantly underrepresented.
The question, however, remains: is the reason for this that these sequences are more often inserted, less often removed or a combination of both? Matsou et al. (2005) using the rice nuclear genome data reported that the plant nuclear genome is in equilibrium between frequent integration and rapid elimination of the chloroplast genome and that the pericentromeric regions play a significant role in facilitating the chloroplast-nuclear DNA flux. This equilibrium between integration and deletion is necessary to prevent the nuclear genome continuously expanding with the contribution of chloroplast-related sequences manifestly increasing. However, the differential distribution of the chloroplast-related DNA fragments along a chromosome does not explain the differential content between chromosomes. Without any control on the site of integration into the nucleus, these chloroplast fragments have the potential to impact the function of Comparison of the nuclear insertions of the 23S 16S and 5S cp rRNA sequences and that of the cp spacer between the 4 . 5S and 5S cp rRNA genes. The height of each peak is proportional to the number of copies of a fragment in the rice nuclear genome with similarity to one of the regions of the chloroplast rRNA genes.
nuclear genes and genome organization through insertional mutagenesis or the generation of potential sites for ectopic recombination resulting in chromosomal rearrangements. Even when there is a concentration of chloroplast fragments within a region of a chromosome, the chloroplast sequences within that region are not in a linear order (Fig. 3B) . Here a region contains five chloroplast fragments varying in length from 288 to 2916 bp but the fragments are from a region of the chloroplast spanning nearly 82 000 bp. Therefore, the question has to be asked is this the result of the insertion of a large fragment that has been eliminated and re-arranged substantially or it is the result of multiple insertions in a single region of the chromosome? One indication for an answer is that this region resembles, in some ways, the pattern of the complex arrangements of multiple transposable elements in maize where nested insertions of families occur. The multiple insertions of transposable elements in maize are either due to low selection for deleterious effects in these regions or to a structure that is available so that preferred sites for insertion are developed. The non-random distribution of chloroplast fragments may have arisen by similar mechanisms. The presence of multiple regions of the chloroplast ribosomal RNA genes may also facilitate ectopic recombination but this has yet to be determined. Further, it has to be asked, if this pattern is the result of many independent events, then what is special about this region? A search through the rice germplasm of the structure of this region, including chromatin structure and modification, will possibly indicate the mechanism and timing of the insertion of the chloroplast fragments into this complex region.
Of further interest will be data from additional complete genomes to determine if the chloroplast DNA representation in the nuclear DNA is a function of genome size as is indicated from the arabidopsis and rice data. One possibility is that plants with small genomes efficiently reject additional DNA sequences either by not incorporating, or by rapidly removing, any plastidic sequences that migrate to the nucleus as part of an overall strategy for maintaining such a small genome. The characterization of chloroplast DNA components localized in the nucleus in the many current plant genome sequencing projects will throw light on this question.
How frequently does the transfer of chloroplast DNA fragments (rather than complete genes) currently occur in plants? A high frequency of chloroplast DNA transfer has been inferred from data on the age of chloroplast insertions within the rice nuclear genome (Matsou et al., 2005) This high frequency of transfer has been experimentally confirmed. Two different techniques, either by using selection in regenerated tobacco plants or by measuring transfer following meiosis (Stegemann et al., 2003; Huang et al., 2003) have demonstrated the transfer of functional genes from the chloroplast to the nucleus. The estimate of the frequency of functional gene transfer made by measuring the rate at which selectable plants arose in progeny of plants containing a nuclearfunctioning selectable gene that had been integrated into the tobacco chloroplast (Huang et al., 2003) demonstrated that functionally intact DNA was transferred from the chloroplast and integrated into, and functional in, the nucleus at a frequency of one in approx. 16 000 tobacco pollen grains. Since the selection was for a functional gene of .1 . 5 kb, only the transfer of a large fragment would effectively allow resistance to be expressed. Therefore, considering the sizes of chloroplast fragments found in plant genomes this estimate of 1 in 16 000 is likely to be a very great underestimate of the actual rate of transfer of parts of this fragment of chloroplast DNA to the nucleus. In addition, there is no a priori reason to expect that the selected fragment would be preferentially transferred as supported by the approximately even distribution of fragments across the chloroplast genome that have been integrated into the rice genome. The apparent lack of preference for specific chloroplast regions results in an expected overall rate of transfer of chloroplast DNA to the nucleus of about 100-fold greater than that observed in the experiments. A final correction to the transfer rate calculations comes from the suggestion that ,10% of the rice NUPTs were .1 kbp. Therefore, applying these corrections to the tobacco data would result in 1 out of every 16 pollen grains having a new chloroplast DNA insertion. The long-term corollary to these experiments, namely how long does it take for the transgene to be eliminated from the chloroplast has yet to be completed. The fate of these chloroplast-located transgenes and their degradation when no selective pressure is applied may indicate the pathway that loss of information from the chloroplast genome proceeds. Alternatively, inserting a functional chloroplast copy of a nuclear gene, thought to be originally derived from the proto-endosymbiont, and charting its decay might be a better model for describing the endogenous process.
The equilibrium within the nuclear genome between integration and deletion of chloroplast sequences is necessary to prevent the nuclear genome from continuously expanding with the contribution of chloroplast-related sequences manifestly increasing. Additionally, without some control of the position of integration into the nucleus, these chloroplast fragments have the potential to impact on the function of nuclear genes and genome organization through insertional mutagenesis or generation of potential sites for recombination resulting in chromosomal rearrangements.
The effect of stress on the appearance of resistant progeny has so far not been determined., although in the case of the Stegemann et al. (2003) experiment, where approx. 1 in 5 Â 10 6 cells assayed had the transfer of a functional gene, the cells were under stress (they were dying unless the gene was transferred and functional). The overall frequency of the transfer of chloroplast sequences to the nucleus when plants are grown under optimal or stress conditions could be experimentally determined. DNA could be isolated from nuclei of individual progeny plants from inbred lines grown under different conditions. The total chloroplast contribution to the nuclear DNA could be determined by quantitative polymerase chain reaction (PCR) using a set of primers spanning the complete chloroplast genome. Changes in the relative amounts of the chloroplast, and more particularly changes in the relative numbers of copies of specific fragments, could indicate either increased or decreased integration of chloroplast genome regions into the nucleus.
The transfer of organellar DNA to the nucleus is likely to have been a driving force in the evolution of eukaryotic cells. However, it is not as clear how the sequences, even once they had become functional in the nucleus, were then lost from the plastid genome. One possible clue to this process is in the occurrence of albino plants arising from anther culture (Day and Ellis, 1985) . In these plants, the defects are usually in a rearranged chloroplast genome, but there is evidence for the involvement of both nuclear and chloroplast sequences in the process (Ankele et al., 2005) . Therefore, selection would eliminate these plants with a defective chloroplast genome, which would be non-viable. However, if the inactivated chloroplast genes had already been transferred and become functional in the nucleus, then such a re-arranged chloroplast genome could survive. The primary rate of transposition of chloroplast sequences into the nucleus is unlikely to be the rate-determining step for the reduction of chloroplast genome size. The newly acquired NUPT would need to obtain appropriate nuclear signals for transcription, translation and finally for protein transport back into the chloroplast to become functional. Therefore, these would need to be developed without any specific selection pressure and await active participation in the cellular machinery until the chloroplast-located copy of the gene has been inactivated in some fashion. However, as described earlier, there seems to be a rapid turnover of NUPTs. The question still is: how do all these genes manage to survive long enough to become active and replace the equivalent chloroplast gene?
Much of the information about DNA insertions is derived from bioinformatics analyses of genome sequence data. However, there is evidence for this rapid turnover of NUPTs in data derived from comparisons of closely related genomes (C. A. Cullis et al., unpubl. res.) . Representational difference analysis (RDA) uses DNA subtraction, PCR and a sampling of restriction fragments to increase the enrichment of target sequences (Lisitsyn, 1995) . Essentially, the procedure removes all the sequences that two DNA samples have in common by hybridization with one of the DNAs in vast excess. Only those fragments present in the minor DNA representation are then amplified and characterized. The procedure requires the two DNAs to be digested to completion by a restriction enzyme, adaptor sequences added to the ends of the fragments and then the whole genome amplified by PCR. Those fragments between 2 kbp and 200 bp are isolated and reamplified to produce the original amplicons. The adaptor sequences are removed from all the amplicons and a new set of adaptors are attached to only one of the DNA samples (now called the tester). Then a large excess amplicons without the new adaptor (the driver) is mixed with a small amount of the tester, denatured and then allowed to reanneal. Following hybridization the mixture is amplified using the second adaptor as primer and only fragments that contain two tester molecules annealed together will amplify exponentially. The process is repeated up to four times with a new adaptor attached to the tester after each round of hybridization/amplification and increasing ratios of driver to tester DNAs. The result is the isolation of all of those restriction fragments that differed between the starting DNAs. Thus it is a powerful tool for identifying recent insertion events in DNAs from closely related individuals. When RDA has been applied to identify genomic variation among closely related plants within a species, different products containing short chloroplast fragments have invariably been identified. These fragments are frequently, but not exclusively, related the ribosomal RNA genes. Such fragments have been identified in subtractions involving flax, tomato, date and oil palm, tobacco, cowpea and banana. Therefore, it would appear that the identification of NUPTs in the genome could be a useful source of polymorphisms. In fact, the idea that the NUPT component of the genome is a very variable one could be tested by amplifying across such regions in different accessions of the same species and determining the level of polymorphisms compared with regions not containing such NUPTs. This would be a direct measurement of the relative genomic stability of such regions.
STRESS RESPONSES
The utility of having the chloroplast-located genes in the nucleus appears to be one of co-ordination of control of expression and perhaps less exposure to ROS. Since only a single source of new proteins is needed in response to changes in the cell, either due to development or stress, then with nuclear copies, the changes in all the chloroplasts can be centrally co-ordinated. Organelles experience shifting environmental conditions, including rapid redox changes, oxidative damage and changes in nutrient availability. Signalling from the chloroplast to the nucleus in response to such changes permits the co-ordination of nuclear and organelle genomes with every chloroplast in the cell co-ordinately regulated, rather than each organelle being regulated independently. Exposure to both biotic and abiotic stresses can lead to the increased accumulation of ROS, which can cause irreversible oxidative damage to cells. ROS that are generated in chloroplasts, or the damage that they cause, act as signals to modify nuclear gene expression to counteract this damage (Woodson and Chory, 2008) . Since there is movement of protein signals from the chloroplast to the nucleus under stress conditions, it is possible that these exchanges also facilitate the transfer of chloroplast genome fragments to the nucleus where they could be incorporated in to the nuclear genome.
Experimental evidence that plant proteins could traffic through plasmodesmata was gained from studies conducted on KNOTTED1 (KN1), a homeodomain transcription factor known to be involved in controlling cell fate in the plant meristem (Jackson and Hake, 1997) . Microinjection experiments performed with recombinant KN1 revealed that this plant protein has functional properties almost identical to those of viral movement proteins (Lucas, 1995) . Introduction of KN1 into cells resulted in an increase in plasmodesmata molecularsize exclusion limit and the rapid cell-to-cell movement of the fluorescently labelled protein (Jackson, 2002 , Kim et al., 2003 .
Plants viruses spread throughout their hosts through the plasmodesmata (Lucas, 1995) . Pioneering studies on plant viruses revealed that plasmodesmata allow the cell-to-cell trafficking of virally encoded proteins, termed the movement proteins (Atabekov and Dorokhov, 1984) . DNA viruses replicate in the nucleus, and the export of progeny DNA (both ss-and ds-DNA) to and from the nucleus is mediated by BV1, a nuclear shuttle protein (Noueiry et al., 1994; Sanderfoot and Lazarowitz, 1995) . An interaction between BV1 and BC1 is thought to be required for the transfer of the DNA into a BC1-associated complex that can then be trafficked through the plasmodesmata (Sanderfoot and Lazarowitz, 1996) . This combination of movement protein (BC1) and the ancillary nuclear shuttle protein (BV1) appears to be essential for the begomoviruses to exploit the endogenous RNA trafficking system of their hosts (Gilbertson et al., 2003) . This non-cell-autonomous protein pathway is similarly employed by the host to traffic macromolecules. Viral movement proteins bind RNA-DNA in a sequence-nonspecific manner to form nucleoprotein complexes. Host proteins are then involved in the delivery of movement proteins and nucleoprotein complexes to the plasmodesmata orifice, and a role for the cytoskeleton has also been implicated (Lucas, 2006) . The delivery of chloroplast fragments to the nucleus could be facilitated by the active two-way macromolecular transport process between the nucleoplasm and the cytoplasm.
Alternatively, and more simply, DNA fragments released from damaged chloroplasts might randomly arrive in the nucleus where they are incorporated into the chromosomes (Fig. 3A) .
Stress, in all its forms exerts a strong evolutionary pressure on organisms. The physiological responses of plants to stresses are well documented, but the effects on the genome are less well known. However, it is clear that genome can undergo both epigenetic and genetic remodelling caused by DNA rearrangements and transposition in response to stress (Madlung and Comai, 2004) . The genome does not appear to be randomly rearranged in response. Thus specific DNA polymorphisms arise in flax in certain varieties in response to nutritional stresses (Cullis, 2005) . Hot spots of DNA instability have been revealed through the study of somaclonal variation in rye (Linacero et al., 2000) . This increasing direct molecular evidence for stress-induced whole genome responses at the molecular level is consistent with the data from a series of experiments to identify the transfer of chloroplast-genome located sequences to the nucleus. The differences between varieties in NUPTs are striking when comparisons are made between plants that have undergone some stress conditions. In particular, genomic subtraction experiments involving RDA among plants regenerated from tissue culture have been informative. In one study, tobacco plants were regenerated in vitro from leaf discs into functional plants and compared with control tobacco plants not produced via a tissue culture route. In all the subtractions between plants that have been regenerated in vitro, chloroplast DNA fragments were found amongst the different products (C. van der Vyver, 2003) . This observation has two important aspects. First, it confirms the lability of the NUPTs, in particular under stress, since there are differences within the same plant lines and is consistent with the data of Stegemann et al. (2003) . Secondly, it indicates that the NUPTs may be particularly responsive to being mobilized when the plant encounters stress conditions. However, more data are needed to determine if the major events are either the insertion of new chloroplast DNA fragments into the nuclear genome or the deletion of NUPTs from the nuclear genome, or whether both processes occur at approximately the same rate.
A second interesting observation has been the identification of NUPTs that have varied following gamma irradiation of cowpeas. Again, the altered NUPTs were originally identified through subtraction experiments involving RDA of genomic DNA from irradiated and unirradiated plants (C. van der Vyver, unpubl. res.). As much as 40% of these isolated subtraction products were in chloroplast-related regions. However, it is unlikely that these regions represent actual mutations in the cowpea chloroplast genome for two reasons: (1) most of the observed mutations in the chloroplast fragments would be lethal to the chloroplast; and (2) nonchloroplast sequences were found at the ends of some of these fragments (C. van der Vyver, unpubl. res.). Therefore, primers were designed across some of the variable regions and used to screen newly irradiated M1 cowpea seeds. It was observed that a significant proportion, up to 24% in one specific chloroplast region, of these newly irradiated seeds had similar mutations to those identified in the previous subtraction products. Therefore, these NUPTs appear to be very susceptible to irradiation damage. From both the irradiation and tissue culture experiments we might speculate that the regions containing the NUPTs act as a mutation buffer under various forms of stress. The reasons for this are unknown but two possibilities need to be distinguished. First, are these sequences particularly labile because of their position in the genome, i.e. are they integrated in these positions because these are very receptive regions of the genome? Alternatively, are they recognized as dispensable fragments in some way (such as a specific chromatin structure) so that they provide a sink for mutations and protect more essential regions of the genome? The NUPTs can possibly be seen as something functional, where they provide a vital function by absorbing mutational energy of stressful environments, especially radiation and free radicals, and thereby protect the sequences functioning as genes, regulators and promoters.
A final question which has received little attention relates to the possibility of the reverse movement of DNA sequences, namely from the nucleus to the chloroplast. Clearly these events are more difficult to detect and as yet there is no evidences of such transfer.
CONCLUSIONS AND FUTURE RESEARCH DIRECTION
All these observations reinforce the problem of understanding the stabilization of chloroplast fragments in the nuclear genome, allowing them to acquire the requisite signals to become functional in the nucleus and then being available to substitute for the endogenous chloroplast gene when it is inactivated, without any direct selection pressure driving the process. Apart from the question of the transfer of functionality, questions concern the purpose and mechanisms of the transfer of exogenous DNA fragments into and out of the plant nuclear genome. Questions to be asked include: are stress-induced DNA transfers from the chloroplasts (or from other external sources such as pathogens and symbionts) beneficial for plants, allowing them to survive the stress? Are the proposed stress-related transfers of DNA directed or random, i.e. do the stress conditions simply facilitate the acceptance of exogenous DNA fragments or do they direct them to specific regions of the genome? To answer these questions more data need to be collected. In particular, comparison of the regions surrounding the identified chloroplast fragments for polymorphisms will indicate the frequency of insertion into (and deletion from) specific sites.
Further, do all stresses facilitate or mandate the integration of exogenous DNA fragments, or is either the intensity or nature of the stress a determining factor? How is the integration of these fragments of chloroplast related to other stress responses? Is the suite of stress responses at the level of gene expression exhausted before DNA transfer occurs, i.e. is the destabilization of the genome a last resort or part of the normal stress response? Are fragments of chloroplast DNA available for integration at all stages of vegetative growth, or only during meiosis, unless otherwise produced such as in the experiments involving irradiation? Many of these questions can be addressed as more genomes are completely sequenced especially with respect to multiple ecotypes and varieties of the same species. An understanding of the origin and persistence of these fragments of organellar DNA may enhance the understanding of the complexity of adaptations to stress, namely, are these types of genomic modifications an integral part of the mechanisms by which plants do adapt to stress environments? LITERATURE CITED
